The Journal of Neuroscience, November 16, 2011 - 31(46):16517-16528 + 16517

Behavioral/Systems/Cognitive

Disrupting Effect of Drug-Induced Reward on Spatial But
Not Cue-Guided Learning: Implication of the Striatal Protein
Kinase A/cAMP Response Element-Binding Protein Pathway
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The multiple memory systems hypothesis posits that different neural circuits function in parallel and may compete for information
processing and storage. For example, instrumental conditioning would depend on the striatum, whereas spatial memory may be medi-
ated by a circuit centered on the hippocampus. However, the nature of the task itself is not sufficient to select durably one system over the
other. In this study, we investigated the effects of natural and pharmacological rewards on the selection of a particular memory system
during learning. We compared the effects of food- or drug-induced activation of the reward system on cue-guided versus spatial learning
using a Y-maze discrimination task. Drug-induced reward severely impaired the acquisition of a spatial discrimination task but spared
the cued version of the task. Inmunohistochemical analysis of the phosphorylated form of the cAMP response element binding (CREB)
proteinand c-Fos expression induced by behavioral testing revealed that the spatial deficit was associated with a decrease of both markers
within the hippocampus and the prefrontal cortex. In contrast, drug reward potentiated the cued learning-induced CREB phosphoryla-
tion within the dorsal striatum. Administration of the protein kinase A inhibitor 8-Bromo-adenosine-3’,5’-cyclic monophosphorothioate
Rp isomer (Rp-cAMPS) into the dorsal striatum before training completely reversed the drug-induced spatial deficit and restored CREB
phosphorylation levels within the hippocampus and the prefrontal cortex. Therefore, drug-induced striatal hyperactivity may underlie
the declarative memory deficit reported here. This mechanism could represent an important early step toward the development of

addictive behaviors by promoting conditioning to the detriment of more flexible forms of memory.

Introduction

Different types of memory are processed in the mammalian
brain. A declarative/cognitive memory system relying on hip-
pocampal and prefrontal cortex (PFC) circuitry allows the en-
coding and recall of events in a flexible manner (Eichenbaum et
al., 1990; Squire, 1998), whereas procedural/response memory
concerning motor skills, habits, and stimulus-response (S-R)
associations depends on the dorsal striatum (STR) (Reading et
al., 1991; McDonald and White, 1994; Martel et al., 2007; Lee et
al., 2008). Dorsal STR supports two forms of instrumental learn-
ing described in rodents as well as in humans: the goal-directed
behavior mediating action—outcome associations and the S—R
habit processing (Dickinson and Balleine, 1990). Hippocampus-
and striatum-centered memory systems may operate either co-
operatively (McDonald et al., 2004; Voermans et al., 2004) or
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competitively to optimize behavior (Packard, 1999; Poldrack and
Packard, 2003). Time, training, and stress are significant modu-
lating factors prompting the use of habit, striatal system over
hippocampus-dependent learning (Kim et al., 2001; Kim and
Diamond, 2002; Sandi and Pinelo-Nava, 2007; Schwabe et al.,
2007, 2010a). Surprisingly, little is known about the impact of
hedonic arousals on memory systems interactions.

There is compelling evidence that the mesolimbic dopamine
(DA) system, constituted of neurons projecting from the ventral
tegmental area (VTA) to the nucleus accumbens (NAc), is criti-
cally involved in mediating the rewarding effects of food and
drugs of abuse (Bromberg-Martin et al., 2010). DA plays also an
essential role in reinforcement learning by facilitating heterosyn-
aptic plasticity at corticostriatal synapses (Montague et al., 1996;
Suri and Schultz, 1999; Reynolds et al., 2001). Given that VTA
neurons target memory-relevant brain regions, such as the stria-
tum, hippocampus, or the PFC (Fallon et al., 1978; Oades and
Halliday, 1987; Gasbarri et al., 1996; Lammel et al., 2008), DA
could modulate or “stamp-in” different memory traces of the
behavioral sequence leading to the receipt of rewards (Wise,
2004).

DA released postsynaptically links G-protein-coupled recep-
tors, which in turn activate the protein kinase A (PKA) pathway,
eventually leading to the phosphorylation of the cAMP response
element-binding protein (CREB) family of transcription factors
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(Dudman et al., 2003; Arnsten et al., 2005). Extensive evidence
supports a critical role of the phosphorylated form of CREB
(pCREB) in reinforcement learning (Kelley, 2004; Hyman et al.,
2006) and more generally in long-term memory formation
through the induction of c-Fos and other transcription factors
(Colombo et al., 2003). Decrease of pCREB protein level disrupts
spatial memory (Bourtchuladze et al., 1994; Guzowski and Mc-
Gaugh, 1997), whereas increased CREB phosphorylation en-
hances the formation of long-term memory (Josselyn et al.,
2001). Specific forms of memory seem to depend on regional
expression of pCREB (Colombo et al., 2003). Reversible inhibi-
tion of CREB in the dorsal hippocampus (CAl region) impairs
spatial memory, whereas alteration of striatal synaptic plasticity
through transgenic inhibition of CREB impairs cued learning
(Pittenger et al., 2002; Lee et al., 2008).

Here we have investigated the effects of food- and drug-
induced activation of the reward system on spatial or cue-guided
learning. To reveal synaptic plasticity-related cellular signaling
depending on the learning strategy and the type of reward, we
measured regional pCREB expression in the brains of mice after
behavioral assessment of learning. To determine whether the ac-
tivation pattern of brain regions involved was strictly CREB spe-
cific, we also performed c-Fos immunolabeling experiments.
Finally, we tested whether cognitive, spatial performance could
be improved with pharmacological inhibition of the PKA/CREB
pathway within the dorsal STR.

Materials and Methods

Subjects

Male mice of C57BL/6] strain (13 weeks old and 25-30 g at arrival;
Charles River) were housed individually and were maintained ona 12 h
light/dark artificial cycle (lights on at 7:00 A.M.), in a temperature-
controlled colony room (22 = 1°C) and were provided with food and
water ad libitum. One week before the beginning of the behavioral test-
ing, the food ration was adjusted individually so that all mice had reached
95% of their ad libitum weights and was maintained for the entire Y-maze
task. All surgical and experimental procedures were conducted in accor-
dance with the European Communities Council Directive of November
24, 1986 (86/069/EEC).

Y-maze task
Surgery. Subjects were anesthetized with a ketamine/xylazine mixture
[Ketamine 1000 (Virbac), 100 mg/kg, i.p./2% Rompun, 8 mg/kg, i.p.],
and lidocaine HCI (5% Xylocaine) was applied locally before opening the
scalp and trepanation. Animals were implanted unilaterally in a counter-
balanced left and right order. It has been demonstrated previously that
the magnitude of the motivational effect of unilaterally applied opioids
into the VTA was similar to that observed when bilateral injections were
used (Phillips and LePiane, 1980; Bozarth, 1987). The tip of the guide
cannula (0.460 mm outer diameter or 25 gauge; 0.255 mm inner diame-
ter or 30 gauge) was positioned 1.5 mm above the VTA according to the
following stereotaxic coordinates: 0.40 mm anterior to the interaural
line, =£0.30 mm lateral to the sagittal line, and 3.30 mm vertically below
the surface of the skull. The incisor bar was leveled with the interaural
line. Mice were allowed to recover from surgery for at least 1 week. All
surgical implantations were controlled after experiments using thionine
blue coloration on 50 wm coronal brain sections and visualized under
optical microscope. Implantation sites are schematized in Figure 1.
Apparatus. Behavioral experiments were conducted in a gray Plexiglas
Y-maze, the arms of which were separated by an angle of 120°. The stem
and the arms were 31cm long and 12 cm high. The starting box (14 X 8
cm) was separated from the stem by a sliding door. Each arm was com-
posed of a sliding door at its entrance and a photoelectric cell 6 cm from
its end. On each day of the Y-maze experimental period, stainless-steel
injection cannula (0.299 mm outer diameter or 31 gauge 31; 0.127 mm
inner diameter or 36 gauge) was inserted into the VTA and was held in a
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Figure 1. Localization of injection sites in the VTA. Top, Wide representative microphoto-
graphic view of one injection site, showing traces left by the guide cannula (top arrow) and
injection cannula (bottom arrow). Bottom, Histological control of all stereotaxically implanted
mice. Black dots show locations of the tip of the cannula (stereotaxic coordinates: anteroposte-
rior, +0.4 mm from interaural; mediolateral, ==0.3 mm; dorsoventral, +3.3 mm). Distribution
of self-injection sites corresponds mainly to the posteromedial VTA projection system (Ikemoto,
2007).

fixed position, by means of a small connector. The injection cannula was
connected by a flexible polyethylene tubing to the microinjection system,
which housed a 5 ul Hamilton syringe. The tip of the injection cannula
projected beyond the guide cannula by 1.5 mm. By interrupting the
photocell beam in one of the two target arms, mice could obtain a 5 mm?
crisp or trigger an intra-VTA microinjection of morphine sulfate dis-
solved in artificial CSF (aCSF) (50 ng/50 nl). The other arm was neutral.
Mice were maintained for 30 s in the chosen arm. Intracranial injections
were performed using an automatic computer-controlled apparatus,
which provided, via a microvernier system, a precise and highly repro-
ducible descent of the microsyringe piston. Each self-injection (50 nl)
lasted 8 s. Normal injection flow was verified visually both before and
after each Y-maze trial for each animal. The movements of the animal in
the Y-maze were detected using an optical system. This information was
transmitted to a microcomputer, which in turn rotated the injector in the
same direction as each animal’s movement. This process avoided the
twisting of the flexible tubing. The number of correct choices per daily
session was noted, and automatic equipment, triggered by opening the
door to the stem, recorded the latency to enter the reinforced or the
neutral arm (response latency) for each subject.

Choice of rewards. Small pieces (~5 mm?) of naturally flavored crisps
(Vico) were chosen as food reward after pilot studies showing that mo-
tivation to learn the task was obtained with a very low level of deprivation
(<5%). Therefore, the same level of deprivation was applied to all groups
to ensure a comparable physiological state in all animals. Intracranial
drug self-administration was used as a model of reinforcement learning
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Figure 2.  Acquisition of the cue-guided Y-maze protocol expressed as the mean = SEM
number of correct responses over 10 training sessions (10 trials/d). A, Both natural (crisps group,
white dots) and pharmacological (morphine group, black diamonds) rewards allowed the ac-
quisition of this task compared with aCSF (black squares) control group (aCSF vs crisps group:
*p <<0.05, **p < 0.01, ***p << 0.001; aCSF vs morphine group: °p << 0.05, *°p << 0.01,°*°p <
0.001). B, Analysis of mean == SEM latencies to completea trial (in seconds) over the 10 training
sessions (session effect, p << 0.001).

similarly to intracranial self-stimulation (Reynolds et al, 2001).
This model presented several advantages. Food or drugs were self-
administered in the same conditions, avoiding manipulation during
behavioral tests and thus allowing direct comparison of learning in drug-
and food-reinforced animals. We used morphine as a mean to activate
pharmacologically VTA-DA neurons (Matthews and German, 1984;
Johnson and North, 1992; Nugent et al., 2007), without altering directly
function in all brain regions (McBride et al., 1999). The dose of morphine
was selected on the basis of optimal learning performances established in
dose—effect curves reported previously using an egocentric/procedural
version of the same arm-discrimination task (David et al., 2002, 2008).

Habituation procedure. Before the beginning of the task, all animals
were submitted to a habituation session during which they were con-
nected to the self-administration apparatus and placed in the maze for a
10 min freely visit (no injections or cues).

Y-maze cue-guided task. Seventy-two hours after the habituation ses-
sion, animals were separated into three groups corresponding to a par-
ticular type of reward: one group of mice was reinforced with intra-VTA
morphine (cued—morphine, n = 8). The second group was reinforced
with crisps (cued—crisps, n = 8). The last one was a control group receiv-
ing intra-VTA aCSF (cued—aCSF, n = 7). In addition, another control
group of animals underwent training in the same procedure except that
they could not control injections in the maze (cued—yoked: n = 6; see
yoked procedure below). Animals submitted to the cue-guided strategy
had to associate a visual intramaze cue (black—white striped paper) with
the delivery of the reward. The goal arm and the starting arm were pseu-
dorandomized to avoid egocentric strategy. Training lasted 10 d, during
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Figure 3.  Acquisition of the spatial Y-maze protocol expressed as mean = SEM correct
responses over 10 training sessions (10 trials/d). A, Mice reinforced with crisps (white dots)
rapidly learned to locate the rewarded arm, exhibiting more correct choices than the three other
groups (p << 0.001; crisps vs morphine: °p << 0.05, °*°p << 0.001) (morphine group, black
diamonds; morphine— crisps group, white diamonds; aCSF group, black squares). B, Analysis of
mean = SEM latency to completeatrial (in seconds) over the 10 training sessions in the Y-maze
(session effect, p << 0.001).

which animals had to enter the reinforced arm for 10 trials per daily
session.

Y-maze spatial task. Seventy-two hours after the habituation session,
animals were separated into four groups corresponding to a particular
type of reward: one group received intra-VTA morphine injections (spa-
tial-morphine; n = 7), the second group could eat a 5 mm? piece of crisp
(spatial—crisps; n = 8), and a third group received both rewards concur-
rently (spatial-morphine—crisps; n = 7). The last control group received
intra-VTA aCSF (spatial-aCSF, n = 6). Finally, we also included a group
of yoked animals that did not control their injections in the maze (spa-
tial-yoked; n = 5). Training lasted 10 d, during which animals had to
enter the reinforced arm for 10 trials per daily session. The order of
starting arm was pseudorandomized among trials to avoid development
of learning based on an egocentric strategy. There were no visual intra-
maze cues, so mice had to rely on spatial location, extramaze cues, as well
as undetected intramaze, proprioceptive or interoceptive stimuli to nav-
igate within the maze and find the rewarded arm. It is well established
that processing of multiple converging stimuli requires the involvement
of the hippocampus, which mediates the coding of relationships between
events (Eichenbaum et al., 1990).

Procedure used for yoked control groups. Yoked animals were submitted
to the same protocol as other trained animals: there were connected to
the self-administration system and placed into the start arm of the
Y-maze, and the session began exactly as with either the cued (cue—
yoked) or spatial (spatial-yoked) learning protocol. Yoked subjects in the
cued training had the same visual cue (intramaze black and white striped
paper) as the paired mice. Yoked animals in the spatial condition relied
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Figure4.

Representative photomicrographs of pCREB immunopositive neurons within the CA1 subfield of the hippocampus (CA1), the CA3 subfield of the hippocampus (CA3), the prelimbic part

of the PFC, the dorsal STR, and the NAc consequently to the cue-guided protocol: a— e, aCSF group; f—j, crisps group; k—o, morphine group (X 10 magpnification).

on extramaze cues as visual stimuli. Thus, both yoked control groups
were treated separately (they were not the same animals). They began
each trial in the same starting arm as the self-trained animal. However,
they could not trigger the injection; instead, the computer did it so yoked
mice received an injection only when the paired animal found the correct
arm, wherever yoked mice were in the maze. They were allowed to freely
run inside the maze for 30 s to avoid any association between a particular
location and the effects of the injection. Then, they were gently guided to
the new start arm for the next trial. If the trial did not contain any
injections, the mouse was allowed to run freely inside the maze as long as
the trial lasts for the paired animal.

Immunochemistry

General procedure. After completion of the last training session, the
brains of mice were removed to assess learning-induced brain regional
expression of pCREB (Martel et al., 2006; Porte et al., 2008) and c-Fos
(Colombo et al., 2003). Under anesthesia, animals were perfused tran-
scardially with an ice-cold solution of 4% paraformaldehyde in phos-
phate buffer (0.1 M) pH 7.4. Brains were then removed and postfixed
overnight in the same fixative at 4°C. Brains were then put into a saccha-

rose solution (0.1 M 30% in phosphate buffer, pH 7.4) overnight and were
then frozen to cut 50 wm coronal free-floating sections with a freezing
microtome (Leica) in preparation for immunochemistry. After elimina-
tion of endogenous peroxidase activity by H,O, 30 min incubation and a
preincubation step in saturation buffer (1% bovine serum albumin, 3%
goat serum, 0.2% Triton X-100), sections were incubated with primary
antibody. Subsequently, sections were incubated with biotinylated goat
anti-rabbit antibody (1:2000 in buffer; Jackson ImmunoResearch) and
followed by an avidin-biotinylated horseradish peroxidase complex
(Vectastain Elite kit; Vector Laboratories). The peroxidase reaction end
product was visualized in a buffer solution containing diaminoben-
zidine tetrahydrochloride (5%). Sections were mounted on gelatin-
coated slides, air dried, dehydrated, coverslipped with Eukitt, and
examined through light microscopy. The quantification of positive
nuclei was performed at 10X magnification, which yielded a field of
view of 849 X 637 wm, using unbiased stereology and in double blind
condition to experimental procedure. At least six serial sections for
each brain regions were digitized and analyzed using a computerized
image analysis system (Visiolab 2000, version 4.50; Biocom). The
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the studies using Rp-cAMPS were performed in
rats, so we set up pilot experiments with C57BL/6
mice to determine injection parameters, based on
the concentration (4 nmol dissolved in 0.3 ul of
aCSF) and injection time (0.1 wl/min) reported
by Shimizu-Albergine et al. (2001). We observed
that intra-hippocampal infusion of Rp-cAMPS
significantly alters spatial learning in the Morris
water maze without affecting motility. We thus
use the same injection parameters for the present
study.

aCSF and was rewarded with intra-VTA mor-
phine (aCSF-morphine n = 6); and one group

0} 0! Behavioral procedure. Rp-cAMPS-treated
animals were tested in the spatial version of the
STR NAc Y-maze discrimination task described above.
250 250 ° ° Ten minutes before each daily session, Rp-
kS cAMPS was injected into the dorsal STR of
g 200 200 mice in their home cage. Each injection lasted 3
§ ] aCSF min. Subjects were separated into three groups:
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Figure5.

number of nuclei was quantified in the following areas of interest
according to Paxinos and Franklin (2001): subfields of the dorsal
hippocampus (CA1, CA3), dorsal STR, shell part of the NAc, and PFC
(infralimbic and prelimbic part merged). Cell counts were expressed
as mean number of positive nuclei per square millimeter.

PCREB staining. Animals were killed 15 min after the last acquisition
session. All solutions contained the phosphatase inhibitor sodium fluo-
ride (2.1 g/L ") and Tris buffer (0.1 m, pH 7.4) were used for immuno-
chemistry. Coronal floating sections were collected in Tris buffer (0.1 m).
Sections were incubated for 48 h with rabbit anti-pCREB antibody (1:
6000 in saturation buffer; Millipore) at 4°C.

c-Fos staining. Animals were killed 60 min after the last acquisition ses-
sion. Phosphate buffer (0.1 M, pH 7.4) was used for immunochemistry. Cor-
onal floating sections were collected in phosphate buffer (0.1 M, pH 7.4).
Sections were incubated for 24 h with rabbit anti-c-Fos antibody (1:8000 in
saturation buffer; Santa Cruz Biotechnology) at room temperature.

Inhibition of the dorso-striatal PKA/CREB activity

Surgery. Subjects were implanted with a guide cannula 1.5 mm above the
VTA following the procedure described previously. Two guide cannulas
(0.460 mm outer diameter or 25 gauge; 0.255 mm inner diameter or 30
gauge) were implanted bilaterally 1 mm above the dorsal STR according
to the following stereotaxic coordinates: 0.62 mm anterior to bregma,
+1.9 mm lateral to the sagittal line, 1.5 mm below the skull surface. The
stainless-steel injection cannula (0.299 mm outer diameter or 31 gauge;
0.127 mm inner diameter or 36 gauge) projected 1 mm below the tip of
the guide cannula. All surgical implantations were controlled after exper-
iments using thionine blue coloration and visualized under optical mi-
croscope. Implantation sites are schematized in Figure 10 A.

Intracranial infusion of the PKA/pCREB inhibitor. The 8-bromoa-
denosine-3’, 5'-cyclic monophosphorothioate, Rp-isomer (Rp-8-Br-
cAMPS or Rp-cAMPS), a membrane-permeable PKA inhibitor, was used to
prevent CREB phosphorylation. The choice of this molecule was based on
both published evidence and a pilot study. Numerous studies have investi-
gated the role of the ;AAMP—PKA pathway in learning and memory (Arnsten
et al., 2005). Dudman et al. (2003) have reported that DA D, receptor-
mediated CREB phosphorylation depends mainly on PKA activity. Rp-
cAMPS can be administered intracranially to prevent brain regional CREB
phosphorylation (Taylor et al., 1999; Ramos et al., 2003). However, most of

Region-specific patterns of CREB phosphorylation following acquisition of the cue-guided learning task. Measures are
expressed as mean = SEM number of pCREB immunoreactive (pCREB-ir) cells per square millimeter in the CA1, CA3, PFC, STR, and
NAc. Comparison with aCSF group: *p << 0.05, **p << 0.01, ***p << 0.001; other comparisons: °p << 0.05, °*°p < 0.001.

was injected with aCSF and was rewarded with
crisps (aCSF—crisps 11 = 6) to serve as a positive
control group. Injections occurred in freely
moving animals using cannulas connected to 1
wnl Hamilton syringes with polystyrene tubing
and were performed by a computerized system
that provides highly precise and reproducible
injection flows. Achievements of the injections
were visually controlled, and injection cannulas remained connected for
2 min. Mice were then disconnected from the injection device and waited
5 min before the Y-maze training session started. To determine levels of
brain regional CREB activity, Rp-cAMPS-treated mice and controls were
killed 15 min after the last Y-maze acquisition session.

Statistical analysis
Behavioral data, i.e., the mean = SEM number of correct responses and
the choice latency, were analyzed using a two-way ANOVA with reward
as between-subjects factor and session as a within-subjects repeated fac-
tor. Day-by-day between groups comparisons were performed using
one-way ANOVA with reward as between-subjects factor. One-sample ¢
tests were used to compare performance on the last training session with
chance level (five correct responses). The same analyses were performed
on behavioral data of the PKA inhibition experiment using treatment as
between-subjects factor and session as a within-subjects repeated factor.

Immunohistochemical data were expressed as mean = SEM IR-
positive nuclei per square millimeter of both hemispheres. One-way
ANOVA analyses were performed with reward as between-subjects fac-
tors for each of the brain area sampled. The same analysis was performed
on the immunohistochemical data of PKA inhibition experiment but
using treatment as between-subjects factor.

Post hoc analyses of significant main effects were further examined
using Fisher’s PLSD tests. Significance level of p < 0.05 was used for all
statistical analyses.

Results

Drug- and food-reinforced mice learn the cued
discrimination task

As illustrated in Figure 2 A, both intra-VTA morphine and crisps
allowed mice to learn the cue-guided strategy compared with
aCSF control mice, which exhibited a number of cue-guided re-
sponses close to chance level ( test against chance level on day 10:
aCSF, p > 0.05) (reward effect, F(, 55, = 16.97, p < 0.001; session
effect, Fg 50y = 2.53 p < 0.01; reward X session interaction,
F1s.180) = 1.09 p = 0.359). Post hoc analyses revealed that cued—
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Figure 6.

morphine mice and cued—crisps mice made more correct re-
sponses by session compared with cued—aCSF mice from day 5 to
day 10 (morphine vs aCSF, p < 0.05; crisps vs aCSF, p < 0.01;
morphine vs crisps, NS). Analysis of mean latency to complete a
trial (Fig. 2 B) revealed that only crisps-rewarded mice exhibited a
decrease in choice latency over sessions (session effect: aCSF,
Floss) = 1.16, p = 0.333; morphine, Fo¢;) = 1.43, p = 0.194;
crisps, Fig 63y = 6.48, p < 0.001).

Drug-reinforced mice exhibit a spatial learning deficit

In contrast to the cued version of the discrimination task, acquisition
of the spatial task was severely impaired in drug-reinforced mice,
whereas the spatial version was quickly learned when crisps were
given as a reward (Fig. 3A) (reward effect, F 5 ,,) = 12.65, p < 0.001;
session effect, Fg,,6) = 3.53, p = 0.003; reward X session interac-
tion, F(57,516 = 3.07, p < 0.001). Post hoc analyses revealed that
crisps-rewarded mice made more correct choices than morphine,
morphine—crisps, and aCSF groups, which performed at chance

Representative photomicrographs of pCREB immunopositive neurons in the CA1, CA3, PFC, STR, and NAc consequently to the spatial task: a— e, aCSF group; f—j, crisps group; k- o,
morphine group (< 10 magnification).

level (¢ test against chance level on day 10: aCSF, p << 0.05; morphine,
p > 0.05; morphine—crisps, p > 0.05; post hoc crisps vs morphine,
p <0.001; crisps vs morphine—crisps, p = 0.001; crisps vs aCSF, p <
0.001; morphine vs aCSF, NS; morphine vs morphine—Crisps, NS;
morphine—crisps vs aCSF, p < 0.01). Controls (aCSF-injected) but
not morphine-injected mice were more likely to visit the arm they
had not entered during trial 7 — 1 (spontaneous alternation), which
resulted in a performance below chance level (one-sample ¢ test
against chance level over 10 sessions: aCSF, p < 0.001). This obser-
vation is not surprising given that C57BL/6 mice have a strong mo-
tivation to explore novel environments, a natural tendency used by
numerous studies to develop non-reinforced, working memory
tasks, such as the T-maze task. One-way ANOVA of mean latencies
to complete a trial (Fig. 3B) revealed that morphine—crisps animals
were the only group that did not decrease their choice latency over
sessions within the spatial version of the task (aCSF, Fy,, = 3.81,
P <<0.001; morphine, F g g,, = 4.26, p = 0.001; crisps, F(g ;) = 7.60,
P < 0.001; morphine—crisps, Fy 54 = 1.21, p = 0.305).
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In both versions of the Y-maze discrimination task, two-way
ANOVA revealed that the mean latency to complete a trial was
similar in drug- and food-reinforced subjects (cue-guided strat-
egy: reward effect, p > 0.05; session effect, Fg 150y = 5.97, p <
0.001; spatial strategy: reward effect, p > 0.05; session effect,
Fions = 13.21, p < 0.001).

Brain regional expression of pCREB: cue-guided
discrimination task

The brain regional pattern of pCREB expression induced by the
acquisition of the cue-guided task depended on the type of re-
ward (Figs. 4, 5). Both food- and drug-reinforced mice exhibited
a significant increase of CREB phosphorylation in the dorsal STR
(reward effect, F 5 ,5) = 26.88, p < 0.001; post hoc crisps vs aCSF,
p = 0.01, morphine vs aCSF, p < 0.001). However, the number of
CREB-positive neurons was significantly higher in the drug re-
ward group than in the food reward group (crisps vs morphine,
p < 0.001). This pattern cannot be explained by direct pharma-
cological effects of morphine because it was absent in the yoked
control (morphine vs yoked, p < 0.001). In the ventral striatum
(NAc), both rewards induced CREB phosphorylation, but a
higher level of pCREB expression was observed in the morphine
group (reward effect, F; ,5) = 9.00, p = 0.001; post hoc crisps vs
aCSF, p < 0.01; morphine vs aCSF, p < 0.001; morphine vs
yoked, p < 0.01).

In contrast to the STR, no significant change in CREB phos-
phorylation was observed in the CA1 field of the hippocampus
during cue-guided learning in the food reward group. However,
the drug reward group displayed more pCREB-positive neurons
in this structure than food rewarded mice (reward effect, F(5 ,5, =
12.92, p < 0.001; post hoc morphine vs aCSF, p < 0.01; morphine
vs crisps, p < 0.001). Because the same pattern was present also in
yoked controls, this increase is likely to not be learning dependent
but may be related instead to the effects of morphine itself (yoked
vs aCSF, p = 0.001; yoked vs morphine, p > 0.05).

Morphine-Crisps

Region-specific patterns of CREB phosphorylation following acquisition of the spatial learning task. Measures are
expressed as mean == SEM number of pCREB immunoreactive (pCREB-ir) cells per square millimeter in the CA1, CA3, PFC, STR, and
NAc. Comparison with aCSF group: **p << 0.01, ***p << 0.001; other comparisons: °p << 0.05, °°p << 0.01, °*°p << 0.001.
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Interestingly, an opposite pattern was
observed within the CA3 field of the dor-
sal hippocampus compared with CAL.
Whereas food-rewarded mice showed a
significant increase in the number of
PCREB-positive neurons, drug reinforce-
ment strongly decreased pCREB expres-
sion (reward effect, F; 5y = 33.55, p <
0.001; post hoc crisps vs aCSF, p < 0.001;
morphine vs aCSF, p<< 0.001; crisps vs
morphine, p < 0.001; morphine vs yoked,
p = 0.012). No change in pCREB expres-
sion was observed within the PFC.

Brain regional expression of pCREB:

O SQSF spatial discrimination task
g Mr:rg:ine After the acquisition of the Y-maze spatial
£ Yoked task, modifications of the pattern of CREB

phosphorylation appeared throughout the
brain as a function of the type of reward
given to mice (Fig. 6, 7). First, in the CAl
field of the hippocampus, the spatial proto-
col induced a significant increase in CREB
phosphorylation when mice were rein-
forced with crisps compared with other
groups that presented a basal pCREB level
(reward effect, F(, 55, = 4.20, p = 0.008; post
hoc crisps vs aCSF, p < 0.001; crisps vs mor-
phine, p = 0.01; crisps vs morphine—crisps, p = 0.005; morphine
vs aCSF, p > 0.05; morphine—crisps vs aCSF, p > 0.05; yoked vs
aCSF, p > 0.05). In the CA3, the crisps group presented a high
PCREB expression that, in contrast, was inhibited in other groups
(reward effect, F, 5y = 7.55, p < 0.001; post hoc crisps vs aCSF,
p = 0.007; crisps vs morphine, p < 0.001; crisps vs morphine—
crisps, p = 0.001; crisps vs yoked, p = 0.01; morphine vs aCSF,
p > 0.05; morphine—crisps vs aCSF, p > 0.05; yoked vs aCSF, p >
0.05). In the PFC, the crisps group exhibited a large increase of
CREB phosphorylation that was inhibited by morphine (reward
effect, F, .4 = 8.52, p = 0.001; post hoc crisps vs aCSF, p <
0.001; crisps vs morphine, p < 0.001; crisps vs morphine—crisps,
p < 0.001; crisps vs yoked, p = 0.001; morphine vs aCSF, p >
0.05; morphine—crisps vs aCSF, p > 0.05; yoked vs aCSF, p >
0.05). In the STR, the spatial protocol did not induce any CREB
phosphorylation in the crisps group. However, morphine and mor-
phine—crisps animals presented a slight increase in pCREB expres-
sion compared with crisps and yoked mice (reward effect, F, ,q) =
4.02, p = 0.01; post hoc morphine vs crisps, p = 0.02; morphine vs
yoked, p = 0.005; morphine—crisps vs crisps, p = 0.01; morphine—
crisps vs yoked, p = 0.003). Finally, in the NAc, morphine induced a
high level of CREB phosphorylation in behaving animals compared
with other groups (reward effect, F, ,) = 3.12, p = 0.03; post hoc
morphine vs aCSF, p = 0.004; morphine—crisps vs aCSF, p = 0.005;
crisps vs aCSF, p = 0.07; morphine vs yoked, p > 0.05; morphine—
crisps vs yoked, p > 0.05). To summarize these data, percentage
changes in pCREB immunoreactivity observed in each brain struc-
ture were plotted on four-axis radar charts (Fig. 8). The figure high-
lights a clear-cut antagonism between hippocampal and striatal
memory systems.

Brain regional expression of c-Fos after spatial learning

As we observed previously, spatial learning was impaired when
intra-VTA morphine was given as a reward (Fig. 9), whereas
crisps-reinforced animals quickly learned the spatial discrimina-
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Figure 8. Summary of pCREB immunostaining changes relative to aCSF animals

(100%). Food-reinforced animals exhibited a task-dependent pattern of expression, with
a strong activation of hippocampus (HPC) and PFC after spatial learning, whereas the
cue-qguided task elicited pCREB within the NAc and dorsal STR. This dissociation pattern
was absent in drug-reinforced mice, which displayed greater activations of both ventral
and dorsal STR after either the spatial or the cue-qguided task.

tion task (reward effect, F(, ;5 = 26.40, p < 0.001; session effect,
Fo,144y = 2.37,p = 0.01; reward X session interaction, F( g 144y =
2.87, p = 0.002; post hoc aCSF vs crisps, p < 0.001; aCSF vs
morphine, p > 0.05; morphine vs crisps, p < 0.001). Both learn-
ing and rewards modulate c-Fos expression (Fig. 9). Morphine
elicited high c-Fos levels in the NAc (reward effect, F 5 ,,, = 9.97,
p = 0.002; post hoc morphine vs aCSF, p < 0.001; morphine vs
crisps, p < 0.001; yoked vs aCSF, p = 0.032; yoked vs crisps, p =
0.015; crisps vs aCSF, p = 0.05; morphine vs yoked, p > 0.05) and
in the dorsal STR (reward effect, F; ,,) = 3.48, p = 0.03; post hoc
morphine vs aCSF, p < 0.01; morphine vs crisps, p > 0.05; yoked
vs aCSF, p > 0.05; yoked vs crisps, p > 0.05; crisps vs aCSF, p >
0.05; morphine vs yoked, p > 0.05). In the hippocampus, as
observed previously for pCREB, the spatial protocol elicited
strong c-Fos expression in crisps-reinforced animals compared
with morphine-injected mice and aCSF controls. In the CA1 sub-
field of the hippocampus, the number of c-Fos-positive cells was
higher in crisps-rewarded animals than in other groups (reward
effect, F(5 55, = 6.29, p = 0.003; post hoc crisps vs aCSF, p = 0.001;
crisps vs morphine, p = 0.005; crisps vs yoked, p < 0.001; mor-
phine vs aCSF, p > 0.05; yoked vs aCSF, p > 0.05; morphine vs
yoked, p > 0.05). Similarly, Fos expression in the CA3 subfield of
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the hippocampus was increased in crisps-rewarded animals com-
pared with other groups (reward effect, F; ,,) = 5.69, p = 0.004;
post hoc crisps vs aCSF, p = 0.001; crisps vs morphine, p = 0.003;
crisps vs yoked, p = 0.002; morphine vs aCSF, p > 0.05; yoked vs
aCSF, p > 0.05; morphine vs yoked, p>0.05). Finally, the type of
reward did not induce significant changes in c-Fos expression
within PFC after day 10 (reward effect, F; ,,, = 2.59, p > 0.05).

Rp-cAMPS pretreatment reverses the drug-induced

spatial deficit

Pretraining injections of Rp-cAMPS into the dorsal STR com-
pletely reversed the morphine-induced spatial deficit, restoring
the learning performance in drug-rewarded mice to the level of
food-rewarded animals (Fig. 10B) (treatment effect, F(, ), =
33.86, p = 0.001; session effect, Fy o) = 3.16, p = 0.002; treat-
ment X session interaction:, Fg 95, = 3.59, p = 0.001). Day-by-
day analysis revealed that pretreated animals performed the task
with better accuracy than aCSF-treated controls from day 3 to
day 10 (all p < 0.05). Both groups completed trials faster over the
course of sessions (Fig. 10C), and the treatment did not alter this
velocity parameter (treatment effect, F(; ;5) = 0.87, NS; session
effect, Fg 99y = 5.79, p < 0.001; treatment X session interaction,
F590) = 0.27,NS). The Rp-cAMPS treatment also fully restored
CREB phosphorylation (Fig. 10D) in the CA1 subfield of the
hippocampus (treatment effect, F(, ;) = 16.20, p = 0.002), in the
CA3 subfield (treatment effect, F, ;) = 21.59, p = 0.001), and in
the PFC (treatment effect, F, ;,, = 34.61, p = 0.001), whereas
CREB phosphorylation within the NAc was not significantly al-
tered (treatment effect, F, 5, = 0.33, NS).

Discussion

This study was aimed at comparing the impact of food- and
drug-induced activation of the reward system on different forms
of memory. One of our main observations is that drug reward
impaired the acquisition of a discrimination task only when a
spatial strategy was required to learn the task, whereas acquisition
of its cue-guided version was fully preserved. In contrast, food-
reinforced subjects exhibited similar learning performance in
both versions of the task. Consistent with behavioral results, a
clear-cut dissociation pattern of pCREB was observed in mice
reinforced with food. After spatial learning, these subjects exhib-
ited high pCREB levels within the hippocampus (CA1 and CA3)
but no change in the dorsal STR. Conversely, cued learning elicited
significant pCREB expression within the dorsal STR but decreased
the number of pCREB-positive CA1 hippocampal neurons com-
pared with drug-reinforced subjects. c-Fos labeling revealed a very
similar pattern, suggesting that regional brain CREB activity was
followed by downstream immediate early genes involved in
learning-evoked plasticity signaling, as described with extracellular
signal-regulated kinases (Girault et al., 2007).

This dissociated pattern is remarkably consistent with two
studies showing that (1) rats trained in a cross maze exhibited
PCREB and c-Fos immunoreactivity in the hippocampus and the
dorsal STR depending on whether they learned the task using a
place or response strategy, respectively (Colombo et al., 2003),
and (2) excitotoxic lesion or transgenic inhibition of dorsostriatal
CREB impaired cued learning but enhanced spatial function,
whereas hippocampal lesions had the opposite effect (Lee et al.,
2008). These results support the view of a functional antagonism
between hippocampus and striatum depending on the nature of
the task (Poldrack and Packard, 2003; Daw et al., 2005). This
double dissociation pattern was blunted in drug-reinforced mice,
which exhibited more pCREB-positive ventral striatal neurons
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NAc o neously were impaired similarly to sub-
000 jects reinforced only with intra-VTA
morphine, the absence of the consumma-

tory phase cannot account for the drug-
induced spatial deficit.

Repeated exposure to opiates typically
decreases CREB phosphorylation in the
NAc, hippocampus, and locus ceruleus
(Guitart et al., 1992; Widnell et al., 1996;
Yang and Pu, 2009). However, morphine-
induced conditioned place preference
(CPP) induces CREB phosphorylation in
hippocampus, NAc, and/or PFC depend-
ing on memory phases (Olson et al., 2005;
Zhou and Zhu, 2006; Moron et al., 2010).
CREB hypomorphs mice do not exhibit
morphine CPP (Walters and Blendy,
2001). Viral-mediated or transgenic inhi-
bition of CREB activity that targets striatal
regions facilitates cocaine and morphine
CPP and enhances locomotor sensitiza-
tion to cocaine and the rewarding impact
ofbrain stimulation (Carlezon et al., 1998,

Figure9. Learning-induced brain regional changes in c-Fosimmunoreactivity after 10 training days in the spatial versionofthe ~ 2005; Barrot et al., 2002; Dinieri et al.,
Y-maze arm discrimination task. Top left graph shows learning performances in subjects used for the c-Fos study. Measuresare  2009; Fasano et al., 2009; Sanchis-Segura
expressed as mean = SEM number of c-Fos immunoreactive (c-Fos-ir) cells per square millimeter in the STR, NA¢, (A1, CA3,and ¢ a1, 2009). Together with these data, our

PFC. Comparison with aCSF group: **p << 0.01, ***p << 0.001; other comparisons: °p << 0.05, °°p << 0.01, °*°p << 0.001.

even when trained with the spatial protocol. In addition, the
spatial deficit was tagged by drastic decreases in pCREB expres-
sion within the dorsal hippocampus and the PFC compared with
mice reinforced with crisps. Extensive evidence supports the
idea that CREB plays an essential role in memory formation.
Inhibition of CREB phosphorylation within the hippocampus
(Bourtchuladze et al., 1994) or the PFC (Hotte et al., 2006) im-
pairs the induction of long-term potentiation within these brain
regions, leading to a significant deficit in spatial tasks (Laroche et
al., 2000; Conejo et al., 2010). Therefore, the decrease in hip-
pocampal CREB activity observed here likely accounts for the
spatial learning deficit in drug-reinforced mice.

In sharp contrast to the spatial learning condition, drug-
reinforced subjects quickly acquired the cue-guided version of
the discrimination task, during which they had to associate a
salient cue with the delivery of the reward. Optimal cued learning
performance correlated with large increases in pCREB expression
within the NAc and the dorsal STR in both food- and drug-
reinforced mice. These results are consistent with the previously
reported disruption of striatal plasticity and cued learning
through expression of a dominant-negative mutant form of
CREB in the dorsal STR (Pittenger et al., 2006; Lee et al., 2008)
and with the view that action—outcome instrumental learning
relies on the dorsal STR (Yin and Knowlton, 2006; Valentin et al.,
2007; Balleine et al., 2009). The rapid acquisition of the cued
Y-maze discrimination task also demonstrated that intra-VTA
morphine injections serve as an efficient reinforcer. Indeed, un-
sensed rewards can elicit strong rewarding effects despite the fact
that they bypass sensory integration (Wise, 2002). However,
food-reinforced but not drug-reinforced mice displayed a com-
plex motor procedure when reaching the correct arm: they take
the crisp in their hands, chew it, and then swallow it. It is possible
that absence of this consummatory or response sequence (Skin-
ner, 1934) in drug-reinforced subjects weakens spatial memory.
Because control animals receiving both types of rewards simulta-

results suggest that CREB phosphoryla-
tion is related not only to direct pharma-
cological effects of morphine but also to the form of memory
involved. This view is supported by results of the yoked control
group, demonstrating that, although morphine itself was suffi-
cient to elicit CREB activity in the hippocampus and NAc, spatial
and cued learning were associated with higher levels of pCREB
expression, respectively, in the hippocampus and striatum. Our
observations are consistent with a recent report showing that
CREB phosphorylation is related to the sensitized response to
morphine-induced conditioning in brain areas involved in mem-
ory consolidation (Morén et al. 2010).

Although our behavioral and CREB imaging results are con-
sistent with the framework of a functional antagonism between
hippocampus and striatum, it remained to be demonstrated that
drug-induced hyperactivity of the STR is responsible for the spa-
tial learning deficit. We thus tested additional groups of drug-
reinforced mice receiving bilateral infusions of either aCSF or the
PKA inhibitor Rp-cAMPS into the dorsal STR, which were com-
pared with food-reinforced subjects as positive controls. The Rp-
cAMPS pretreatment completely prevented the drug-induced
spatial deficit and restored hippocampal and PFC pCREB phos-
phorylation to the level of food-reinforced subjects. Previous
studies investigating the role of PKA in drug-induced condition-
ing or appetitive learning have provided converging evidence that
intra-striatal (NAc) administration of PKA activators facilitate
whereas inhibitors reduce S-R learning and drug-motivated be-
haviors (Kelley, 2004; Arnsten et al., 2005; Lynch and Taylor,
2005). Repeated administration of PKA inhibitors into the NAc
(core) impairs food-reinforced instrumental learning (Baldwin
et al., 2002). However, overactivation of PKA also impairs this
form oflearning. Therefore, facilitating/disrupting effects of PKA
modulators may depend on their ability to maintain an optimum
level of PKA activity for the ongoing task. The presently reported
recovery of both spatial learning and hippocampal CREB activity
through inhibition of striatal PKA provides additional evidence
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that reduction of the drug-induced stria-
tal PKA/CREB hyperactivity allowed nor-
mal hippocampal/PFC function.

The complete circuitry mediating the
deleterious effect of striatal overactivation
on the hippocampal function has yet to be
fully understood. VTA DA neurons proj-
ect to the NAc, which in turn send back
projections to the VTA/SN area, which
projects more dorsally to the striatum:
this ventrodorsal striatal loop is impli-
cated in instrumental behaviors (Haber et
al., 2000; Belin and Everitt, 2008). Our
results suggest that recruitment of ventro-
dorsal striatal loops after repeated drug-
induced activation of the reward system
could modulate the hippocampus/stria-
tum pCREB ratio, prompting S-R learn-
ing to the detriment of spatial function.
This hypothetical mechanism fits well
with the view that transition to addiction
implicates aberrant S-R learning, which
progressively leads to loss of voluntary
control (Everitt and Robbins, 2005; Belin
et al., 2009). Other neural mechanisms
may be involved. High concentration of
DA stimulates D,—DA receptors through-
out the PFC, thereby decreasing NMDA-
dependent currents, disrupting LTP induction
and CREB phosphorylation (Zheng et al.,
1999). Accordingly, raising DA levels or ac-
tivating PKA within the PFC impairs work-
ing memory (Goldman-Rakic et al., 2000).
DA-dependent alteration of prefronto-
hippocampal circuits involved in the con-
solidation of events linked to the reward
could thus account for the spatial deficit
in drug-reinforced subjects. Interestingly,
chronic intake of drugs of abuse induce a
hypofrontality-like syndrome in animals
(Jentsch and Taylor, 1999; Homayoun and
Moghaddam, 2006; Sun and Rebec, 2006)
and addicted humans (Goldstein and
Volkow, 2002; Kalivas et al., 2005; Goldstein
etal.,2007). Morphine-induced increases in
DA release within other brain regions may
have occurred: activation of the basolateral
amygdala elicited by emotionally charged
events impairs hippocampus-dependent
learning and synaptic plasticity (Akirav and
Richter-Levin, 1999; Kim and Diamond,
2002; Layton and Krikorian, 2002). The
present disruptive effect of drug reward on
spatial learning shows striking similarities
with the effects of stress on memory and
hippocampal synaptic plasticity (Kim and
Diamond, 2002; Sandi and Pinelo-Nava,
2007; Schwabe et al., 2007, 2010b).

In conclusion, our present observations provide strong evi-
dence that drug-induced activation of the reward system disrupts
spatial learning while supporting a cue-guided version of the task.
Food-reinforced subjects exhibited efficient spatial and cued
learning related, respectively, to CREB activity in the hippocam-
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Acquisition of the spatial version of the Y-maze arm discrimination taskin morphine-rewarded animals infused with

either Rp-cAMPS or aCSF into the dorsal STR before each training session. 4, Schematic representation of injection sitesin the dorsal
STR. Left, Wide representative microphotographic view of injection sites, showing tracks of guide cannulas (white track) and
injection cannulas (black track). Right, Histological control of all stereotaxically implanted mice. Dots show locations of the tip of
injection cannulas (black dots, Rp-cAMPS injection; white dots, aCSF injection) (stereotaxic coordinates: anteroposterior, 0.62 mm
to bregma; lateral, 1.9 mm; ventral, 1.5 mm). B, Morphine-rewarded mice pretreated with Rp-cAMPS exhibited more correct
responses per session compared with aCSF-injected animals (p << 0.001; morphine + Rp-cAMPS vs morphine + aCSF: **p <
0.01, ***p < 0.001). As expected, crisps-rewarded animals made more correct responses than morphine-rewarded mice when
both groups were preinfused with aCSF into the dorsal STR (p << 0.001; crisps + aCSF vs morphine + aCSF: °p << 0.05, **°p <
0.001). C, The treatment did not alter locomotion, as assessed by the time to complete trials, which decreased in all groups over the
course of training sessions (p << 0.001). D, Region-specific pattern of pCREB expression after acquisition of the spatial discrimina-
tion task. Measures are expressed as mean == SEM number of pCREB-immunoreactive (pCREB-ir) cells per square millimeter in the
(A1, CA3, PFC, and NAc (comparisons with morphine—aCSF-treated group: ***p << 0.001).

pus/PFC and the dorsal STR. This double dissociation pattern
was blunted in drug-reinforced subjects. Inhibition of the striatal
PKA/CREB pathway fully restored normal spatial learning and
hippocampal/PFC CREB activity in these subjects, suggesting
that hyperactivity of the striatum may be responsible for the spa-
tial deficit. Given the possible role of this cognitive impairment in



Baudonnat et al. ® Drug Reward, CREB, and Memory Systems Interactions

the transition to addictive behaviors, additional work should be
aimed at understanding the neural bases of the relationship be-
tween well-documented habit-forming actions of drugs of abuse
and the unexpected declarative deficit reported here.
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